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HIGH-RESOLUTION, CONTINUOUS-FLOW 
ELECTROPHORESIS IN MICROGRAVITY 

I. INTRODUCTION 


Most biolo»K’;il mntorials, when dissolved oi' suspended In n selected 
aqueous medium, ac'quiix’ a characteristic electrical chariic and will migrate 
under the influence of an applied field. Separation will, therefoi’e, occur 
between species of diffei'cnt electrically induced velocity, hence establishing 
the separation process called olectrophoixjsis. 


Sc'par.ations of biological substances such as living cells must necessarily 
be conducted in liquid electrolyte of specified properties and, as a consequence, 
the separation pitrcess is compromised by certain gravity- induced distrubances 
of the media; e.g. , sedimentation of the particles and thermal convection of the 
medium caused by Joule heating. Although various techniques have been devel- 
opt'd to overcome these pixiblems on Earth, the elimination of gravity-induced 
perturbations can be accomplished best in the near-’/.ero-g environment of 
space. 

For several years, the possibility of using the reduced gravity of space 
has been under consideration as a means to enlTanec the performance of certain 
electrophoresis devices. There has, however, been no serious attempt to quanti 
tntively compare electrophoresis performance on the ginmnd with that anticipated 
in space. Sevei'al computer mathenmtieal models of various proposed electro- 
phoresis systems have been devised: however, they do not lend themselves to 
parameter optimisation as analytical expressions do. Moi-eover, there has been 
no attempt to quantitatively determine the limits imposed on gTOund-based 
o|X'ration by thermal convection. This mport tlei'ives appiTtximato exfu'cssions 
which will allow estiuTation of junTormance enhancement in reduced gravity and 
also will direct optimization of the various design parameters for a continuous 
flow electrophoi’esis system. 


If. BACKGROUND 


Electrophoresis in n free fluid was first demonstrated in space during the 
Apollo 14 mission (1,2}. This electrophoresis experiment used three materials 
of different molecular weight: deoxyribonucleic acid (DNA), hemoglobin, and 
soluble dyes. The sepai*ations were photographed periodically during electro- 
phoresis in cylindrical columns. The results showed a separation between the 
two dyes, and operation of the fluid and electrical s 3 'stems was normal. The 
overall results indicated the value of space electrophoresis in microgravity; 
therefore, plans were made and hardware developed for a subsequent demonstra- 
tion during the .“\po11o 16 mission. 

The Apollo 16 electrophoresis demonstration was performed using the 
basic operating elements of the Apollo 14 experiment, but a nonbiological stand- 
ard sample material, polystyrene latex, was used 11,2}. These stable, non- 
degradablo particles were used as models for living cells. Although a nongravity 
related flow perturbation precluded separation of the latex, electrophoresis did 
occur in the columns containing single species of the latex particles. The photo- 
graphs clearly show distinct boundaries and sharply defined fronts. The delete- 
rious effects of gravity-induced sedimentation and thermal convection on particle 
electrophoresis can be seen by comparing the results of tlie Apollo 16 electro- 
phoresis demonstration with those of ground experiments (2|. These advantages 
of Uie space onvii'onment for cell separation processes were further confirmed 
in the demonstration experiment on isotachophoresis of erythrocj’tes conducted 
aboard Skvlab 4 { 3] . 

The Apollo-Soyujc Test Project (ASTP) (4J electrophoresis experiments 
separated fixed rabbit, human, and horse rod blood cells and also isolated 
urokinase ( UK) producing kidney cells. The process w^as carried out in static 
columns similar to those in Apollo 14 and 16. The separation of Ijunphocytes 
was also attempted but failed because of a column malfunction. The kidnej' 
cell separation was most encouraging, not only because viable cells were 
carried to orbit, processed, returned, and cuUm-ed, but also because the cells 
which were scpai'atod appear to be product specific. That is, from some bands, 
urokinase appeared to lie the prime product the cells produced, while in entirely 
tlifferent bands, human granulocyte conditioning honuone and erythix>protein 
wore the prime products of the cells. This finding is especially important in the 
case of urokinase when one considers the need for this drug. 



While no s^)ectacular I’csults have been achieved from tliese oxiK'riments, 
it is important to note tliat the basic premise of space-based elect rophoivsis — 
the apparent absence of sedimentation and thermal convection in reduced 
gravity — was proven In each extierimont. It is the purpose of this ro|wrt to show 
the significance of the feature of reduced gravity in terms of system performance 
and also to give equations which might bo useful in the development of a device 
which will take full advantage of reduced gravity. 

III. PRINCIPLES OF ELECTROPHORESIS 


Contact with a polar (e. g. , aiiueous) medium produces a surface clmrge 
on most substances, the possible charging meclianisms btnng (a) ionization, 

(b) ion adsorption, and (c) ion dissolution. The induced surface charge innuenccs 
the distribution of ions in the surrounding polar medium. While ions of opposite 
charge (counter-ions) are attracted toward the surface. Ions of like charge 
(co-ions) are roiielled away frotn the surface. An electric double layer |5) is 
then fornted wIucIt, aided by the nuxing tendency of thermal motion, leads to 
the configuration of Figure 1. The dou lo layer Is then comprised of a chargx'd 
surface (negative in this case) and a neutralizing excess of emmter-ions over 
co-ions distributed in a tliffuse manner in the polar medium. 
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Figtire 1. Electric double layer. 


Applying an electrical field, as shown, along the charged surtace causes 
a force to be exerted on both parts of the electric double layer. If the charged 
surface is mobile, it tends to move (together with any attached material) in the 
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ap(n’<^jn'iate direction relative to the polar medium. This movenient of a particle 
as a I'esvdt of its chargcil surface is called electrophoresis, movement in this 
case being to the left tiue to the negative surface charge. Conversely, if the 
surface is stationary (as with the wall of a separation chamber), moveiuent of 
counter~lons in the opptislte double layer will manifest itself as a net migration 
carrying along vSolvent, honce causing fluid flow which is called electroosmosis. 
Tl\e Huid motion involves a slip condition at the surface of shear, causing a fluid 
layer to move to the right as a result of the excess of counter-Ions present. 

Note that the velocity pixifilc developed by electroosmosis produces velocities in 
both directions with a plane of r.ero velocity called the stationary level (Fig. 2). 

M he velocity profile shown in Figure 2 exists in a closed chamber onl\ as a rt>suU 
of continuity and is eharaetevis'.ed as ’*rewrse flow.” 
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Flgurt? 2. Elcetroosmotic and laminar flows. 
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Honce, clcctroosn^osia, bein^ s» n'.ovetiu»»t of liquid relative to a stationary 
charged surface (l.e. » a chamber wall) by an applied electrical field* is tlien the 
complement of electrophoresis. While electrophoresis is Uie vehicle for separa- 
tion and, hence, desirable, electroostnosls can be detrimental or beneficial to 
system perfonnance depending on the device being utilb.ed. 

The electric potential at the surface of shear (slip plane) between the 
chax'gml surface and the electi'olyto solution (buffer) Is called the ? (zeta) 
potential. The electivphoretic mobility u^ of a particle or dissolved substance 

is the mlijratlon velocltv V obtained per unit of electrical field gradient E and 

‘ e 

is lelated to the xeta potential of the particle, by the following relations; 


u E ^ V “ E (1) 

e c 4?p 

where 

E “ electrical field gradient 
t; s jK’rmlUlvity 
p ^ dymnnic viscosity. 

The previous cxpix'sslon is a steady-state balance between the viscous ix'tarding 
foix'C and the electrical ficivi force acting on tl\c cluu^i^'d suVjstae.eo in an aqueovis 
medium. 


IV. PRINCI PLE OF CONTINUOUS ROW ELECTROPHORESIS 


Continuous flow olectr<nphoresis utiliws a flowing curtain of buffer to 
pj'tnide continuous sample Injection and recowry, A sketch of a continuous flow 
system is shown in Figure 3. The buffer enters at tmiat B and is confined in a 
thin rectahgttUvr chanvber while the sample Is injeeted at point A Into the down- 
ward flowing buffer curtain. Under the influence of a lateral electrical field 
which Impresses a voltage gradient across the width of the chamber, the sample 
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Fisi^irc 3. Continuous flow system. 


i, senarnlo.1 into iodivi*nl com,«n™ts. The sopa rated aarapte bands or f.ta- 
,nenta ni-c eonlinuonsly traetionatod by an array of collection oorta a.tuated 
alons the hmor width of the cini.nber. Ion-permeable membranes sepal 
olol’tvodo chamlx’r from the separation chaiiiber. 


The Idojil jt'soKin^ power of a continuous flow system cat» be determined 
as follows. Consider the separation chamlier cross section given in Figuixs -Ja. 
The ideal distribution of sample is given by equation (l) so that 
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Ke 


( 2 ) 


I^rticles along surface I -I of the inlocted sample are distributed according to 



where t is the residence time. For particles along surface sample dis- 
tribution is 


ft* ..m 

{,2 "" 


4tp(v - 6Vj) 
Err 



Flgxire 4, Ideal sample denectiou. 










whore 6y. is the width of the initial sample band. The collection port Y -Y 
1 12 

collects a distribution width of A\’^ so that for the fastest particle, 

■> niVj 


Since it moves the longest distance, and for the slowest particle 
43tp(Y^- 6.Vj) 



Subtracting gives the resolvable zeta potential difference 
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Resolution R is defined as 



(4) 


but u varies wiU\ viscosity p of the buffer which is, in turn, a function of tem- 
perature; therefore, we will arbitrarily define mobilities in terms of the 
viscosity of water at 0*C, so tlutt 


R 



Atx 


(3) 


w'hore u is the viscosity of watei' at 0®C. Then resolution may be defined in 
terms of the resolvable zeta {jotential difference At. which we will call resolution 
quality. For high resolution we obviously want At to be small. 
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It is inteivstiag lo note lh:u viseosiiy^j, lield i^rajicnt K. and ivsidenee 
tiiwe T in equation (;^) combine lo enhance it>solution quality in rtHluctHi ijraviiy. 
The minimi;Mng of thermal eonveetion in reduced siravity allows the increase in 
voUa.ise gradient E which, in turn, {imiuees a rt'duetion in (,i. The ivsidence 
time r is limited only by thermal diffusion which must bo assessed for each 
sample ot interest, while the field gradient E? is limited only by the ahilit\ of 
the biological mau'rials to survive in a heated envirotuueni — usually 40®C 
nuiximum. 

FIguiv 4b shows graphieallv how the ileerease in g ilue to doule heating of 
the buffer deetvases iXs’ eolleeted in the eolloetion port 


V. TEMPERATURE AND VELOCITY DISTRIBUTIONS 


The tetufTerauire field in tlio chamlTcr cross section pnxluces a distortion 
in the mjeeted sample stream. This may be seen by recalling cquanon (1), 


u ( T) 
e 


4itm(T) 


when' it is seen that particles of the sante species (i. e., same itcfa potential) 
haxe dlfferetU mobilities detH'uding on the local buffer temjx'rauive. Joule 
heating causes the temjx'ratun' distribution in the ehamlx'v cross section, with 
the maxitvmnt temiH'rature occurring at tlu? chamber center plane for equally 
cooled walls. Obviously, a i>artiele located at the chamber center plane will 
move farther than a similar particle located nearer the ehamlw xvall, ptaxlucing 
what will be termed tJtermal distortion in this rejKxrt. In terrestrial operation, ■ 

thernxal eonveetion limits the tempt'rature \ ariation aeiess the thickness of the j 

chantU'r to values which ptxxiuee negligible thermal distortion. Vhermal dis- 
tortion, then, is hanil broadening whit'h is caused by the temperaniiv dependenev 
of bvtffer viscosity whieit, in tttrn, aiTeotS the ntobility of the sample. 

To evahiate separation systenv }x>rformanee, it is necessary to determine 
the tem^XTrature distribution in the ehnml>er cross section. Because of the long 
I'esidenee times neeessai'V for high I'esolution, all heat transfer from the system 
will he assutued to occur through the chamber walls; hence, the energy equation 
for a veetangular separation chamber is; 

■ : 


Vi 








( 6 ) 


where 

T = buffer temperature in the chamber cross section 
X = distance measured awa,v from curtain center plane 
E “ voltage gradient across width of chamber 
k = electrical conductivity of buffer 
= thermal conductivity of buffer. 

The electrical conductivity of the buffer can be approximated by 

k ^ k”(l + (vT) - — (1 + o-T) (7) 

e c o 

n 

where 

= buffer electrical resistivity at 0*C 

k° “ buffer electrical conductivity at 0®C 
e 

(Y " linear coefficient of electrical conductivity. 


Substitution of equation (7) into (n) and solving gives the following temperature 
distribution: 


T 


X 

or 


cos wf 


X 


cos wf 


- 1 


(s) 


10 


when' 



is the dissipiukm eoefnciont, f is the ohambor half width, and x ( * n is the 
sainplO“tO'-^ehandH?r Ihii'kiu'ss ratio< hcluation (8) assitnu's a wall temperature of 
at 0®C for eonvenienee ami to asstire maximuiu ot>eraiional effieleney. The 
viseosity expression p(T) can be exivrossed as: 


o 



where ) is the linear ewtlieieut of viseosity and*/' is the Imffer viseosity at 0*C. 
llu' mobility »,»( the parlieles is thus inlluetux'vl l>\ the fluid temperatutx' 



wheie u ^ is the eleeirophoretie mobility evaluat»'d at T * n"C {l.e., at the wall) 
ami 
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Fluid flow in the chamber is also affected by the viscosity changes with 
temperature. To obtain the velocity distribution of the sample stream, consider 
the momentum equation for parallel flow between two flat plates. 



where 

V - buffer fluid velocity 
p^ “ pressure gradient along chamber length 
X - distance from center plane. 

The solution to equation (12) yields: 

V = V Dfwfn, n, ^f, -^ ) ~V D(n) (13) 

o \ 0-/0 ' ' 

where 



(U) 
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and is the center plane velocity of buffer relative to chamber wall. Equation 

(13) yields an elongated parabolic velocity distribution which approaches a para- 
bolic shape as y/ a 0, The velocity distribution causes particles in the center 
portion of the chamber to be exposed to the electrical field a shorter length of 
time (residence time) than particles near the chamber walls. This causes a 
reversed crescent distortion of the injected sample band as shown in Figure 5. 
Note that the original sample band CAB is deformed into the crescent shape CAB 
since particles C and B have longer residence times than particle A. This type 
of distortion will be identified as flow distortion. 





Figure 5. Buffer flow distortion. 


Since most materials exhibit a surface charge when placed in contact with 

an aqueous medium, the charge on the walls of the separation chamber produces 

electroosmosis under the influence of the applied electrical field. Electroosmosis 

produces a flow distortion of the sample band which may be used to compensate 

for the buffer temperature and velocity distortions mentioned previously. The 

buffer velocity distribution in the chamber cross section (i.e- , perpendicular 

to the buffer flow field) due to electroosmosis can be estimated through the 

following relationships. The electroosmosis velocity v is given by a super- 

eo 

position of parallel flow velocity V(x) with the fluid velocity at the wall; i.e.. 


v (x) = V(x) - V 
eo w 


(15) 


where 


V (x) = the electroosmotic velocity distribution 
eo 


v = the electroosmotic velocity at the wall 
w 

V(x) = the parallel fluid velocity between two plates. 
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The net fluid flow in the cross section must be zero for a closed chamber section. 
Note that the narrow side walls of the chamber are considered to be closed 
instead of the chamber ends where buffer must flow into and out of the system* 
so that 


t 

Q - 2 r I V(x) - V 1 dx = 0 (16) 

eo w 


where Q is net flow in the chamber cross section, perpendicular to the buffer 
eo 

flow, produced by electroosmosis. Using equation (13) and integrating yields 


eo 


(x) = 




' " ■ - [i 

VO' / Ojf cos Ljf L 


cos uin ... . cos wf . 

- - +nsm wf - — — : — 


iol 




2 sin 

^ u{ COS uJ L 


Ujf 

2 


2 cos 


- sin w£ 


(17) 


where u° is the clectroosmotic mobility at the wall which is at 0“C. The 

W' 

preceding buffer temperature and velocity distributions affect the shape of the 
injected sample bands w’hich, in turn, affect the system performance. This is 
due to the fact that the sample collection ports are usually circular or rectangular 
in shape and are necessarily arranged regularly along the lower width of the 
separation chamber. Sample band distortion or apparent band broadening, how- 
ever, causes species to bo collected over many collection ports, resulting in 
remixing and a degradation in resolution. A regular or narrow’ band will, how- 
ever, be collected in only a few ports, resulting in high resolution. Therefore, 
minimization of .sample band distortion, as well as increased voltage gradients 
and longer residence limes as mentioned previously, is of primary’ importance 
in high resolution electrophoresis. 
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VI. CONTINUOUS aow ELECTROPHORESIS PERFORMANCE 


The electrophoretic migration velocity v is given by 

e 


V 

e 



9 


so that substituting for p in equation (10) and using 


o 

u 

e 


^ c 

47tm° 



we obtain 
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0_ 

, 1 i 

fcos A 

V = u E 


r “ 1] 

c e 

a 

^ cos ~f / 


m 

* 


(IS) 


o 

where p is the buffer viscosity at 0"C. The local residence time, r(n), for 
any particle is given by 


r(n) 


H H 

V(n) "VO 
o 


(19) 


where H is the electrode length, D is given by equation (14), and V is the local 
buffer velocity. The particle migration vclocit 3 ’ is given by the sum of the 
electrophoretic migration velocity and the electroosmotic fluid velocity in the 
chamber cross section, so that the displacement Y becomes 


Y = 






( 20 ) 


15 




or 


Y = 


EH 

V 


o 


o 

u 

e 


o 

u 



o 

u 

e 



D(n) 



o 

\v 


B 



( 21 ) 


where 



Equation (21) is a general expression for particle displacement in a continuous 
floNv electrophoresis device. Figure 6 shows the sample band distortion in a 
continuous flow system. 
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To determine the resolvable mobility difference Au*^» the highest and 
lowest mobility particles entering a typical collection port must be found. The 
initial sample width is 6y , while AY is tlie width of the collection port. The 

I Vr' 

fastest particle entering the port will do so at point P and must travel the farthest 
distance of all particles entering the port. Therefore* migration equation for 

o 

the fastest particle is given by 




O 

U 

l--^ + ^A(n) 
o « 
u 


- 2 


D(n) 



Point P, n= 0 


(2Sa) 


while that for the slowest particle u^ entering the port is given by 


o 


u 


o 


Etu^ 


1 - 


— + A(n) 

o tv 


u^ 


Y - Y 
1 2 


Point A 


D(n) 


3 o_/ , «\| 
2 w \ ’ y/i 


(23b) 


where t= 11/ V Is the nominal residence time, l.e. , the I'csidence time for a 
o 

particle on the center plane, and the superscript o denotes pi*operty evaluation 
0*C. Subtracting equations (23a) and (23b) and substituting and dy^ yields 

an estimate for resolvable mobility diffoi*ence for the backward-shaped 
f resent shown; 
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A similar analysis for the foi’ward-shaped orescent deformation yields 



Equations (24) and (25) can be combined into a general expressvuo foit rc'’<s!vai>l':, 
mobility difference Au° for cases of high resolution where u° ~ == u^; 



The resolvable mobility difference Au° can be reduced to resolution quality Af 
through equation (2): 



where k is a burier properly constant 





so that 


E = k 


U> 


and 


fV = 0.04/°C 

k = 1. 36 X 10 ^ cal/sec cm 
5= 1. 93 X lOf* n cm 
K = 4.148 W sec/ cal. 


Equation (27) defines the resolution capability of a continuous flow device. The 
terms in the equation have the following significance: (1 + y/cv A(o)J gives the 
increase in resolution due to the decreased viscosity caused by Joule heating as 
discussed previously in Section IV, while (AY + 6y.)f/k^(u)f)T is the ideal 

^-0 1 P 

resolving power of the device (i.e. , tlie resolving power neglecting distortion 
effects), and 



D(n) "e o 




gives the effect on resolution of How and thermal distortion. Note that this term 
can be minimized by proper selection of the wall zeta potential and low 


VI L ELECTROPHORESIS PERFORMANCE 
LIMITATION IN EARTH GRAVITY 


The foregoing estimate of continuous flow electrophoresis performance 
is valid for space environments in which the effects of thermal convection have 
been shown to be negligible. It is also valid, however, for terrestrial operation 
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in which the chamber power dissipation is below the thix'shold wheix' convf»{'tivo 
disturbance is discernible in rosard to separation perl'ormance. 

The onset of convective disturbances may lie corrt'lated with cliamlier 
power input and buffer flow velocity. It is well known that hish buffer flow 
velocities stabilize against thermal convection. This leads one to sus})eei that 
there could be a relation between convection-lntluced velocity and buffer flow 
velocity which delineates the onset of perceivable distui-bances to the separation 
process. 

An investigation conducted by the General Klcctrlc Company under N \SA 
Contract NASS~;U036 |t>| determined experimentally the effect of residence time 
on the maximum usable power. The input power was increased gradually on a 
0. 5 10 X 5 cm test chamber operating at various buffer flow rates until visible 

sample stream pei'turbatlons were observed. The results of these investigations 
are given ir Figure 7. Note that a horizontally inclined chamber gave the higher 
usable power levels; however* these results will not be considered here sinc-c 
sedimentation is not controlled in the horizontal oinentations. It is important 
to note tlmt very little diflorenco in acceptable power Input is observed between 
the 0® and lf<o® orientations. Therefore, using the conventional downward 
flowing buffer (O* orientation) , estimates can b«,' calculated for the convection- 
induced velocities using the following equation t Appendix ); 



where 

u^, “ convection induced velocity (cm sec) 
p* ; coefficient of thermal expansion (1 'C) 
g gravitati»mnl constant 


f 


ehamlxn* half thickness (cm) 







A comparison of convection-induced velocity to chamber midplane velocity 
for the 0.5 cm chamber is Table 1. These results suiigest the following 


TABLE 1. COMPARISON OF BUFFER 
AND CONVECTION VELOCITIES 


T 

(sec) 

w 

(W/cm^) 


Y 

o 

(cm/ sec) 

“c 

(cm/ sec) 

180 

0. 04 

0.14 

0. 06 

0. 10 

150 

0.04 

0.14 

0.07 

0. 10 

120 

0. 055 

0.16 

0. OS 

0.12 

90 

0. 080 

0.19 

0.11 

0.14 


relation between convection-induced velocity and buffer flow velocity at the 
threshold of perceivable convective distui*banccs in a continuous flow systt*m: 

II =0.29 (29) 

C o 


and 


.of 



0.29 V ' ■’ 
o 


so that the maximum dissipation number is given by 


= = 0. 29 



0.29 



» 


(30) 



where 

ot = l/^C 

H = cm 

T = sec 

0 = 0.18X 10~V’C 

t ~ cm» 

The expression for oji in equation (30) is admittedly based on rather 
sketchy data for only a 0. 5 cm chamber; however, the limitation of operation of 
a Beckman CPE located at General Electric' s Space Sciences laboratory has 
been observed to be 


T - 200 sec 
E = 100 V/cm 


where 


H = 60 cm 
i = 0.075 cm. 


Equation ( 30 ) predicts that the threshold of convectional perturbations will be 


coi = 0.48 
E = 105 V/cm. 
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Thus, a significant dogi'cc of correlation is shown for a different sized chamber. 
It is important to note that equation (3<i) limits the usable voltage gradient in 
Earth gravity as a function of the residence time. 


VIII. INPUT POWER LIMITATIONS IN REDUCED GRAVITY 


Having assessed the operational limitations of Earth-based, continuous- 
flow electrophoresis, we now determine those limitations present in a space 
environment. The limit imposed on the usable voltage gradient in reduced 
gravity is determined by the temperature sensivity of the sample being separated. 
Although each sample would certainly vary, a value of 30“C at the chamber mid- 
plane is commonly accepted as a nominal safe temperature. Thus, the maximum 
dissipation number in reduced gravity is given by equation ( 8) as 



wi =1.10 

space 


(31) 


IX. RESIDENCE TIME LIMITATION IN REDUCED GRAVITY 


If 1 X lO'"* g is considered to be the nominal gravitational attraction in 
reduced gravity, then equation ( 30) shows that the permissible residence time 
for a normal-sized chamber is not limited by thermal convection. The other 
potential constraint on residence time would be diffusion, which would not be 
affected by the reduction of gravity. Considering first particles such as cells 
whose mean diameter is > l/j,, we obtain a diffusion coefficient of D - 4,5 x 10 
cm^/sec. The root-mean-square lateral displacement of particles caused by 
diffusion is given by the Einstein relationship 


Ax = (2 Dt) 


’/2 


(32) 
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Thoi\, whoix' 


r « tU>o see 


we liave 


Ax * rt.OOSH cm « M 


which is insljii^mcam with to resolutltm. tio\vevev» »nxHelos have a much 

hifsUcr dtmmlon coemolont which wmiitl limit the allowaWe eesldenco time t. 
Uslojs: ii.h X cm”/ sec us a vei^fesewtattvc tUffhsion coeftlcleet for 

pciaeinst we have for r ^ SOO sec a sl^tameaat aispluceuveat of the haml edges 


As ^ 0, 0^48 cm 


nil'htsioe hitHuleulug causes the l>aiui wltlth to h»H>a<km hy 


\\ ^ U Us 
w 

since the imvimeter of the stream cross section is dlsidaced. Kami tWckcning 
in the chivmlK c cross section ls» thcrel'oix>» also gi\t>n by 


n 


nx 


mul wiU> distortion orosont there ih'SuUs a much larger degradation m ctmolutUm 
than the linoar ctfeci of width hrmuU'ning. Thcroh're, In protein separatum, a 
detinue Undi in tUne diH'S exist and Is govetwd tmunly by tim Uow and 

thertnai distortions present. 1'he effeet ofdiflVislim on resolution can be esti- 
nutted 4>y modifying equation (tT) t 





( 33 ) 

The linear effect of band widenlns is reflected in the first right-side term, 
while the effect of band thickening (i,e. , an incivase In n) is reflected in the 
diatOTi*tlon term ( the sectjnd right-side tervn). 

X. EFFECT OF BAND Dl STORTION ON RESOLUTION 

The fact that the collection ports ai*e i^'gular in cit>ss section and arninge- 
ment dictates that the Iniectetl sample filaments i-emaln i-egidar and undlstorted 
in the chamber ei'oss section. The effect of sample filament distortion on resolu- 
tion can be estimated by the term: 



where R is the residual due to fUnv and then\Tai distortion. At the chamber 

o , o 

mididane n 0 so that U . ’ 0. but at other values of n, U det>ends on « « , 

' li it w e 

u^\ and > O' . The term u^' u^' mav bt‘ adiusted to pT'Ovide R , - d for a particidar 
o w e o 

n, but there is no position in the ehambor width wliei'e R^^ - 0 thmighout the 


tdianTbi^r depth as appiHKiched wlien thermal effects ai'e small, Neglecting thermal 
effects in Karth gravity is perndssible because of the low power inputs allowed i 
however, in induced gravity where high povver inputs ai'e teasible, the I'csidual 
R must lie minimised by eai'cful selection of deslgu and operating parameters, 
ti ' o 

Adjusting the buffer to pn>vide a low u would Ik> one methinl to et»nti\vl sample 
filament distortion. 


XI. COMPARI SON OF RESOLUTION FOR TERRESTRIAL 
AND REDUCED GRAVITY OPERATION 


To estimate the improvement in resolution that might be obtained by 
operating in reduced gravity, consider the following hypothetical separation: 

o . I 

u - 0. 1 p cm/ V sec 
e 

y 

— 1.0 

a 

n “ 0. 5 
T = 800 sec 

T = 200 sec 
G 

f 0. 1 cm, 0.25 cm 

s 

( =0.1 cm 

G 


= 0,48 

1.10 

where subscripts S and G stand for space and ground, respectively. Equation 
(26) and the previous hypothetical parameters were used to produce the per- 
formance curves shown in Figure 8. 


1. The low mobility must be obtained through utilization of an appropriate 
buffer. 



Figure 8 clearly shows that sample band distortion can significantly 
reduce resolution improvement. Therefore, a close matching of wall and particle 
zeta potentials must be maintained for space-based hIgh-resolution electro- 
phoresis. Note also that the thin chamber is affected much more by the zeta 
potential mismatch than the thick chamber, but it also has a much higher resolu- 
tion potential. 


XII. DESIGN CONSIDERATIONS FOR HIGH RESOLUTION 
ELECTROPHORESIS IN SPACE 


The absence of the thermal convection influence allows higher voltage 
gradients and longer residence times to be used. While this increases resolu- 
tion, it also increases the particle deflection to such an extent that Impractical 
chamber w-idths are necessary. Since high particle mobilities also increase 
thermal distortion, as equation (34) indicates, it is necessary to limit the 
particle mobility of interest by controlling the pH of the buffer accordingly. 
Research is in progress at the Marshall Space Flight Center to determine iso- 
electric points of various potential sample materials. Of course, typical iso- 
electric points with regard to biological function considerations would be of critical 
importance to the concept of high resolution electrophoresis in space. 

Consider the following example: chamber width W = 2 cm, residence 
time T = 800 sec, voltage gradient E = 180 V/ cm, and u = maximmii mobility 
of interest. These v-alues would result in 


u 

m 


W 

Er 


= 0.14 X io*‘ 


cm*' 
V sec 


0.14 


u cm 
V sec 


Therefore, we must approach the isoelectric point of the fractions of interest 
to collect them since all other fractions will be w^asted by migration into the 
chamber end boundaries. Therefore, the selection of a particular fraction to 
bo collected will, in turn, bo made by buffer pH selection. 

The concept of a ’’thick” chamber has been proposed for use in reduced 
gravity to achieve increased throughput and higher resolution. The increase in 
resolution would be achieved by keeping the sample away from the chamber W'alls 
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^ I 1 ^ ^ 






JisMi 


via the Increased chamber thickness, and hence reduce sample band distortion. 
Equation (27), however, shows that the distortion term contains n, and 
; /« , and not t. On the contrary, the resolution is seen to decrease with 
increasing f for constant power dissipation number u>l. This results because 
the increase in thickness will also dictate a lower voltage gradient E for con- 
stant midplane temperature, therefore, resolution suffers. The throughput, 
indeed, increases with chamber thickness, as is obvious in Figure 8 which shows 

that a thick chamber produces very nearlv the same resolution at a of 

w e 

±5 as a thin chamber docs while giving four times the throughput. Therefore, 
when a high degree of band distortion is allowable (i.e. , low resolution applica- 
tions) , the thick chamber is superior. Another characteristic of the ’’thick" 
chamber configuration is less power consumption for equal chamber volumes. 
Because power dissipated in the chamber varies as the square of the voltage 
gradient and only linearly with thickness, a "thin" chamber can dissipate more 
power than a "thick" one without exceeding a limiting centerplane temperature. 
However, using a "thick" chamber to allow lower voltage gradients is hardly 
tenable from a resolution standpoint since utilization of high-voltage gradients is 
a significant reason for reduced gravity operation. Moreover, "tl^in" chambers 
are more stable against pertui’bations than "thick" chambers, as the appropriate 
dimensionless ratios of viscous to disturbing forces indicate. 


XIII. CONCLUSIONS 


Cell separation in reduced gravity by continuous flow electrophoresis is 
feasible, and significant gains in resolution over ground-based operation are 
possible. The higher voltage gradients and longer residence times available 
in space operation arc responsible for these gains. The mobility of the fraction 
of interest, however, must be reduced by an order of magnitude from that 
normally found in terrestrial separations. The higher voltage gradients and 
longer residence times dictate this reduction in mobility to keep die particle 
displacements within reasonable limits. 
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APPENDIX 


An estimate of convection-induced veloci^ is 5 iven by 
' for Gr 1 

where AT is the temperature rise in the chamber cross section over the wall 
temperature and is given by 


AT 


BKk^p 


assuming constant buffer properties,' Therefore, the convection-induced 
velocity becomes 


C |/2KkjP 

but the power dissipation coefficient ^ is 
E 


cj = — • — E 

k° 

P 




or 


E 


Kk p 

2 = —i-. 

a 


so that 








2o 


.of 



1. Ground-baseti operation is limited to power dissipations for which this 
assumption is valid. 
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